Soybean pathogens significantly impact yield, resulting in over $4 billion dollars in lost revenue annually in the United States. Despite the deployment of improved soybean cultivars, pathogens continue to evolve to evade plant defense responses. Thus, there is an urgent need to identify and characterize gene networks controlling defense responses to harmful pathogens. In this review, we focus on major advances that have been made in identifying the genes and gene networks regulating defense responses with an emphasis on soybean-pathogen interactions that have been amenable to gene function analyses using gene silencing technologies. Further we describe new research striving to identify genes involved in durable broad-spectrum resistance. Finally, we consider future prospects for functional genomic studies in soybean and demonstrate that understanding soybean disease and stress tolerance will be expedited at an unprecedented pace.
Introduction
Soybean [Glycine max L. (Merrill)], the second most important row crop grown in the United States, is an excellent source of both protein and oil. However, it is constantly subjected to attack by a variety of pathogens. From 1996 to 2006, the average estimated annual soybean yield loss owing to disease in the United States was >400 million bushels (http://aes.missouri. edu/delta/research/soyloss.stm), which corresponds to an annual economic loss of >4 billion USD. Use of disease-resistant cultivars has been the major method of controlling most soybean pathogens. However, disease-causing isolates or races of pathogens may evolve to overcome genetic resistance [1] [2] [3] . Therefore, there is an urgent need to identify and characterize novel resistance genes and defense signaling networks that could be deployed against pathogens to provide novel, stable and broad-spectrum resistance.
Over the past 15 years, soybean researchers have used a variety of genetic and genomic approaches to understand soybean responses to a wide range of pathogens. The recent release of the 'Williams 82' reference genome sequence [4] , tied to the genetic map, provided researchers with sequences of hundreds of resistance gene (R gene) loci. A survey of the Williams 82 genome sequence identified 319 nucleotide binding site-leucine rich repeat (NBS-LRR) genes [5] , which is the predominant type of plant R genes. More than one half of the NBS-LRR genes are clustered on 6 of the 20 chromosomes, and the majority of known disease resistance quantitative trait loci (QTL) are positioned within genetic intervals that contain one or more NBS-LRR genes. Although the NBS-LRR genes underlying QTL appear to be obvious candidates for controlling disease resistance traits, several examples reviewed here demonstrate that there are still novel disease resistance mechanisms waiting to be discovered.
Even with the recent release of the soybean genome sequence [4] , cloning of R genes responsible for specific resistance traits remains difficult. Soybean is a palaeopolyploid, and analyses of the whole-genome sequence reveal that nearly 75% of the soybean genes are present in multiple copies [4] . Further, characterization of R gene loci in resistant germplasm suggests there is significant copy number variation between resistant and susceptible soybean lines that is not captured in the reference genome [6] [7] [8] . Besides the inherent difficulties associated with gene redundancy, generating stable transgenic soybean remains a challenging and time-consuming task and frequently mutants in desired resistant genotypes do not exist. Together, these limitations make it difficult to decipher the functions of soybean defense and R genes using approaches commonly used in model plants such as Arabidopsis.
To overcome these technical barriers, soybean researchers have leveraged expressed sequence tags, polymorphisms and the genome sequence to map R genes for emerging and established pathogens [9] . Genome-wide transcriptome and proteome studies have been used to identify differentially expressed genes (DEGs) and proteins associated with defense. Posttranscriptional gene silencing (PTGS) technologies such as virus-induced gene silencing (VIGS) or RNA interference (RNAi) downregulate gene expression based on sequence identity and have enabled scientists to conduct hypothesis-driven experiments and to associate gene function with plant phenotype [10] [11] [12] [13] [14] [15] . Gene silencing technologies can be used to simultaneously silence genes with multiple homologs, which can be advantageous in polyploid plant species. Because VIGS can be used for large-scale screening, it is among the most powerful and versatile tools for gene function analyses in soybean. Several viral systems have been exploited for VIGS in soybean, including Bean pod mottle virus (BPMV, [16] [17] [18] ) and Apple latent spherical virus [14, 19, 20] . Here we review the progress that has been made in functional genomics of soybean defense and disease resistance responses and consider future prospects to further understand and manipulate soybean immunity. We focus primarily on soybean-pathogen interactions that have been amenable to gene function analyses using PTGS (VIGS and/or RNAi), and for which considerable strides have been made in identifying R gene-mediated signaling networks. In addition, we identify conserved and unique aspects of soybean defense genes and discuss recent research highlighting the search for novel, durable, broad-spectrum resistance using functional genomics approaches.
Identification of genes mediating recognition of Phakopsora pachyrhizi (Asian soybean rust) and downstream resistance signaling Phakopsora pachyrhizi, the causal agent of Asian soybean rust (ASR), is an obligate biotrophic fungus that infects a wide range of leguminous hosts. The pathogen was first identified in the eastern hemisphere in the early 1900s and has since spread to every major soybean-producing country in the world. Disease establishment can lead to yield losses as high as 80% [21] [22] [23] . Six major dominant ASR resistance loci have been identified: Rpp1 [24] [25] [26] [27] , Rpp2 [26] , Rpp3 [28] [29] [30] , Rpp4 [31] , Rpp5 [32] and Rpp6 [33] . For each trait, comparing the flanking mapping markers with the whole soybean genome assembly [4] identified clusters of R gene homologs [8, 34, 35, Graham unpublished] . The complexity of R gene clusters hinders the identification of the particular gene that confers resistance and requires re-sequencing of the loci in resistant parents accompanied by functional analyses.
Before the release of the reference genome, Meyer et al. [8] used the Rpp4 mapping markers [36] to develop and sequence a bacterial artificial chromosome contig from Williams 82 (susceptible to ASR). Sequencing of this region identified three genes belonging to the CC-NBS-LRR (coiled-coil, nucleotide binding, leucine-rich repeat) family of R genes. BPMV VIGS constructs developed from conserved regions shared by all three putative R genes abated resistance to ASR in the resistant genotype (PI 450925B). Cluster-specific primers were used to amplify five candidate R genes from the corresponding region in PI 450925B. Expression analyses revealed that only Rpp4 candidate 4 (Rpp4C4) was highly expressed, suggesting it was responsible for Rpp4-mediated resistance. In an effort to understand the gene networks regulated by Rpp4, Morales et al. [37] used the Affymetrix Gene Chip Soybean Genome Array to compare gene expression in Rpp4-silenced and empty vector-treated plants 14 days after infection with P. pachyrhizi. Among the 264 DEGs, those with functions related to defense and general stress responses were significantly overrepresented.
Soybean microarrays were also used to characterize the gene networks governed by Rpp1-Rpp4 [37] [38] [39] [40] , and here we focus on the responses mediated by Rpp2-Rpp4. For Rpp2 and Rpp4, the compatible and incompatible interactions were achieved by inoculating susceptible and resistant genotypes with the same P. pachyrhizi isolates [37, 40] . For the Rpp3 study, the same soybean genotype carrying Rpp3 was inoculated with either avirulent or virulent P. pachyrhizi isolates [39] . In all three experiments, gene expression changes in P. pachyrhizi-infected plants relative to mock-inoculated plants were first evident at 12 h post inoculation (hpi) in both compatible and incompatible interactions. This time point corresponds to appressorium formation and penetration of the epidermal cells, and the observed responses likely represent either a general ability of soybean to recognize early stages of P. pachyrhizi infection or a nonspecific response to the physical breaching of the epidermis. By 24 hpi, most initially DEGs returned to mock-level expression, and the numbers of infection hyphae and intercellular hyphae continued to rise as P. pachyrhizi evaded the plant defense response. At 72 hpi, corresponding to the presence of fully developed haustoria, a second wave of differential gene expression began. For the Rpp2 and Rpp3 experiments, differential gene expression in the compatible reaction mirrored gene expression in the incompatible reaction; however, gene expression patterns were slightly delayed and considerably weaker. In the Rpp4 experiment, the biphasic gene expression pattern differed between genes induced or repressed in response to P. pachyrhizi infection. Genes induced at 12 hpi, were also induced at 72 hpi. However, genes repressed 12 hpi after infection were delayed and were not repressed again until 216 hpi.
Morales et al. [37] compared the numbers of microarray probe sets detecting DEGs across the Rpp2, Rpp3 and Rpp4 microarray experiments. The experiments identified 894, 8447 and 5805 DEGs associated with resistance responses mediated by Rpp2, Rpp3 and Rpp4, respectively. Similarly, 1516, 1827 and 5304 DEGs were associated with the susceptible responses, respectively. For all three R gene-mediated responses, genes associated with defense ontology terms were primarily induced, whereas genes associated with photosynthesis ontology terms were mostly downregulated. Surprisingly, comparisons of these data sets identified only 214 genes common to all compatible and incompatible P. pachyrhizi-soybean interactions and only 54 genes specific to P. pachyrhizi resistance reactions governed by Rpp2, Rpp3 and Rpp4. Although all three R genes induced functionally and phenotypically similar responses, the gene networks they govern appear to be largely unique. Within the 54 DEGs specific to the three resistance responses, 14 genes encoding putative signaling proteins were identified including a mitogen-activated protein kinase (MAPK) and five WRKY transcription factors. Such genes are potentially interesting targets to investigate for function in resistance to P. pachyrhizi and other pathogens.
The responses of resistant and susceptible soybean plants to P. pachyrhizi have also been explored through the use of highthroughput proteomics. Proteomics enables not only the accumulation of proteins to be directly determined, but it can also be used to determine where in the cell the proteins are accumulating and whether they are posttranslationally modified. Cooper et al. [41] infected near isogenic plant lines of the Williams 82 background that either carried Rpp1 resistance allele or the rpp1 susceptible allele. To identify proteins that differentially accumulated in the nucleus during Rpp1-mediated resistance responses, they performed proteomics analyses on the isolated nuclei. These analyses identified 260 proteins that differentially accumulated in nuclei of Rpp1 plants at 24 hpi with P. pachyrhizi. Of the 260 proteins, 111 were found at higher levels, whereas 149 were present at lower levels in the nuclei of Rpp1 plants compared with the nuclei of isogenic rpp1 plants. These data demonstrate that major and specific changes initiated by Rpp1 occur in the nuclear proteome on recognition of P. pachyrhizi.
Identification of genes mediating resistance to Heterodera glycines (soybean cyst nematode)
Soybean cyst nematode (SCN) is the most devastating soybean pathogen in the United States, with yield losses ranging from 1.9 to 3.5 million tons a year [42] . Although several putative resistance loci have been identified, Rhg1 (also known as rhg1, [43] ) and Rhg4 represent the two major QTL for SCN resistance [44] . Sequencing of these loci in resistant genotypes [45, 46] implicated the involvement of leucine-rich repeat transmembrane receptor kinases (LRR-RK).
Melito et al. [43] used an artificial microRNA to silence the rhg1 LRR-RK, but this had no effect on SCN resistance. Fine mapping of the rhg1-b allele in the SCN-resistant line PI 88788 also ruled out the involvement of the LRR-RK in rhg1-mediated resistance [47] . However, it defined a 67 kb interval containing 11 predicted genes. Using gene-silencing (RNAi) constructs delivered by Agrobacterium rhizogenes, Cook et al. [6] showed that silencing three individual genes impaired Rhg1-mediated resistance to SCN. Unexpectedly, these genes had no homology to previously identified R genes and encoded a predicted amino acid transporter, an a-SNAP protein, and a largely uncharacterized protein with a domain similar to wound-inducible protein 12. Sequencing of fosmids from the rhg1 locus suggested the three genes were part of a 31 kb cassette present in multiple copies in resistant germplasm. Genome resequencing of the SCN-resistant soybean cultivars Peking and Fayette revealed 10 and 4 copies of the cassette relative to Williams82, respectively, which is susceptible to SCN and only carries one copy of the cassette. These data were confirmed using fiber-FISH to visualize fosmids from the rhg1 locus. Recently, Cook et al. [48] used whole-genome resequencing and fiber-FISH to examine the Rhg1 locus across 41 diverse soybean lines. They defined three classes of the Rhg1 locus that differed in coding sequence, copy number and gene dosage; differences in DNA methylation were also observed. Their study concluded that increased copy number of the 31 kb cassette is the main factor underlying evolution of SCN resistance at the Rhg1 locus.
Similarly, cutting-edge functional genomics tools were also exploited for the recent cloning of Rhg4. In 2011, Liu et al. [49] identified a TILLING (targeted induced local lesions in genomes) mutant for the candidate LRR-RK at the Rhg4 locus. The mutation had no effect on SCN resistance, again ruling out the candidate LRR-RK. Positional cloning using three F 2:6 recombinant inbred line populations narrowed the Rhg4 locus to an 8 kb interval containing two candidate genes. Based on sequence differences between resistant and susceptible lines, a serine hydroxymethyltransferase (SHMT) was considered the more likely candidate. A mutation in the SHMT gene identified by TILLING coupled with VIGS and RNAi experiments confirmed that SHMT was responsible for Rhg4-mediated resistance to SCN. The role of SHMT in SCN resistance was unexpected given that SHMTs are broadly conserved enzymes that mediate onecarbon folate metabolism [49] . The non-canonical R proteins encoded at the Rhg1 and Rhg4 loci demonstrate that resistance to SCN is conferred by a novel type of recognition and signaling mechanism.
Functional genomic approaches to identify genes and gene networks regulated by R genes: targets for generating durable broad-spectrum resistance As described above, R genes specifically activate robust resistance responses that are effective against diverse pathogens. There is interest in harnessing these responses to generate soybean plants with improved broad-spectrum resistance. Achieving this goal will require a better understanding of the complex gene regulatory networks (GRNs) governing soybean immune responses downstream of R protein recognition. To date, functional genomics strategies to identify key genes in soybean defense GRN have relied heavily on candidate gene approaches based on knowledge of defense signaling genes from model systems, transcriptomics and proteomics coupled with reverse genetics techniques such as VIGS and complementation of Arabidopsis mutants. Hypothesis-driven and largescale screening experiments using these approaches have identified genes, including regulatory hubs that function in R gene signaling networks that respond to multiple pathogens.
Most of the immune signaling components identified in the model plant Arabidopsis have homologs in soybean that can be directly investigated for participation in defense responses. Silencing soybean NDR1 homologs (GmNDR1) shows that they are required for resistance mediated by the Rpg1-b, Rpg3 and Rpg4 loci, conferring recognition of Pseudomonas syringae pv. glycinea expressing the effectors avrB, avrB2 and avrD1, respectively [50] . Rpg1-b encodes a CC-NBS-LRR type of R protein [51] , but the other two genes have not been cloned. The observation that Rpg1-b requires GmNDR1 is consistent with previous work indicating that CC-NBS-LRRs generally require NDR1 for activation of immune responses, whereas TIR-NBS-LRR (Toll/ interleukin-1 receptor, nucleotide binding, leucine rich repeat) types of R proteins generally require EDS1 [52, 53] . Arabidopsis RIN4 is targeted by multiple bacterial effectors (AvrRpt2, AvrRpm1 and AvrB) and is guarded for effector-induced modification by at least two NBS-LRRs (RPS2 and RPM1) (reviewed in [54] ). Soybean has at least four RIN4-like proteins designated GmRIN4a to GmRIN4d. GmRIN4b, but not GmRIN4a, complements the Arabidopsis rin4 mutation. VIGS constructs were designed to silence the GmRIN4 homologs, and sequence divergence in untranslated regions (UTRs) was sufficient to silence the individual homologs [55] . Silencing either GmRIN4a or GmRIN4b abrogated Rpg1-b-derived resistance to P. syringae pv. glycinea expressing AvrB. Silencing GmRIN4c and GmRIN4d had no effect on Rpg1-b resistance. Interestingly, silencing GmRIN4a or GmRIN4b in rpg1-b plants enhances basal resistance to virulent strains of P. syringae pv. glycinea and the oomycete Phytophthora sojae [56] .
In Arabidopsis, stearoyl-acyl carrier protein-desaturase (SACPD) catalyzes the synthesis of oleic acid, an essential step in fatty acid biosynthesis [57] . The SACPD mutant ssi2 has reduced SACPD activity, resulting in accumulation of salicylic acid (SA), hypersensitive response lesions and enhanced resistance to multiple pathogens. To determine whether loss of SACPD function had similar effects in soybean, Kachroo et al.
[58] used VIGS to silence SACPD genes in soybean. SACPDsilenced plants had reduced levels of oleic acid, increased levels of stearic acid, hypersensitive response lesions, increased accumulation of SA and constitutive expression of pathogenesisrelated (PR) genes. In addition, SACPD-silenced plants had improved resistance to the bacterial pathogen P. syringae pv. glycinea and the oomycete pathogen P. sojae. This study showed that soybean and Arabidopsis respond similarly to oleic acidderived cues that induce broad-spectrum defense responses. Similarly, omega-3 fatty acid desaturase (FAD3), which catalyzes conversion of linoleic acid to linolenic acid, is a key enzyme for the biosynthesis of fatty acids as well as the phytohormone jasmonic acid (JA). Silencing three microsomal isoforms of GmFAD3 enhanced JA accumulation, which resulted in enhanced susceptibility to biotrophic pathogens [59] .
MAPK cascades play important roles in disease resistance signaling [60] . However, little is known about specific roles of MAPKs in soybean defense signaling. To investigate roles of MAPK signaling pathways in soybean defenses, 32 genes encoding distinct MAPKs, MAPKKs and MAPKKKs were silenced using BPMV VIGS to identify genes involved in cell death and defense responses [49] . GmMPK4-and GmMPK6-silenced plants displayed strong phenotypes with hallmarks of constitutively activated defense responses, including induction of PR gene expression and increased SA levels [61, 62] . As expected, these plants were more resistant to downy mildew and Soybean mosaic virus (SMV) compared with vector control plants. These experiments showed that GmMPK4 and GmMPK6 have functions in negatively regulating soybean defense responses. GmMPK4 is well known for inhibiting SA-mediated defenses that signal through the NPR1 protein. However, a negative regulatory role for MPK6 homologs in plant defense had not been previously reported. Because gain-of-resistance phenotypes are readily observed and highly reproducible, these MAPK studies show that VIGS can provide a potentially high-throughput approach to identify genes that negatively regulate soybean immune responses.
The GmMPK4 example also illustrates an advantage of using VIGS to interrogate the function of soybean gene families. There are four GmMPK4 homologs that can be divided into two paralogous groups [62] . The sequence identities of ORFs within the groups are >96%, whereas the identities between the groups are 88.7%. The BPMV-VIGS construct used for silencing GmMPK4 by [62] actually can silence all four of the isoforms simultaneously. Sequence analysis indicates that it is impossible to silence only one GmMPK4 isoform without silencing the other within the same group, because there is >90% sequence identity in the coding regions and UTRs. However, it is possible to silence just one paralogous group without silencing the other, because there is <50% sequence identity within the 3 0 UTRs between the two groups. To examine whether silencing only one paralogous group can result in the activated defense responses, the 3 0 UTR region of GmMPK4a/ b was targeted for silencing. The activated defense-related phenotypes were not observed in the plants in which just one paralogous group (GmMPK4a/4b) was silenced. This result indicates that GmMPK4 isoforms within both groups must be simultaneously silenced to activate soybean defense responses (Liu and Whitham, unpublished data). In this case, the ability of VIGS to silence redundant genes provides an advantage over approaches that would create loss of function of single genes. The development of VIGS tools for soybean has enabled the use of relatively large-scale screens to identify genes involved in disease resistance. Pandey et al. [63] cross-referenced the Rpp2 ASR microarray work of van de Mortel et al. [40] with soybean homologs of known resistance signaling genes in Arabidopsis to design VIGS constructs that could abrogate Rpp2-mediated resistance responses. Of the 140 constructs tested, 11 constructs were identified that silenced genes required for Rpp2-mediated signaling including three defense signaling genes (GmEDS1, GmNPR1 and GmPAD4), five predicted transcription factors (GmWRKY36, GmWRKY40, GmWRKY45, GmDBTF and GmMYB84) and three biosynthetic genes [GmPAL1, an O-methyl transferase (GmO-MT), and a cytochrome P450 (GmCYP83E12)]. In a separate study, Cooper et al. [64] used BPMV VIGS to silence 10 candidate genes identified from their previous nuclear proteomics study [41] . Surprisingly, 5 of the 10 constructs tested resulted in partial loss of Rpp1 resistance phenotypes, indicating that the silenced genes are necessary for full Rpp1-mediated resistance. While this is a relatively small gene set, the 50% success rate suggests that proteomics studies are excellent sources of candidate genes. All five constructs affected the expression the GmMYB84 transcription factor and Gm-OMT. This suggests that both the Rpp1 and Rpp2 resistance signaling networks involve activation of GmMYB84 and Gm-OMT. It is also worth noting that three of the five constructs identified by Cooper et al. [64] had homologs in Arabidopsis with no known function. This demonstrated that functional genomics studies in soybean can inform research in the model plant Arabidopsis.
A subset of 81 of the constructs developed by Pandey et al. [63] was also screened for the ability to compromise Rsv1-mediated resistance to SMV [65] . Seven constructs were identified that caused Rsv1 loss of function owing to silencing of GmEDR1, GmEDS1, GmHSP90, GmJAR1, GmPAD4 and two WRKY transcription factors. An additional construct designed to silence the Rsv1 candidate gene family also compromised Rsv1-mediated resistance, confirming the gene encodes an NBS-LRR protein. However, it was not possible to design a VIGS construct to target specific Rsv1 family members. GmEDS1 and GmPAD4 are required for both Rpp2-mediated resistance to ASR and Rsv1-mediated resistance to SMV, although Rsv1 is not a TIR-NBS-LRR. EDS1 and PAD4 regulate both basal and R protein-mediated plant defense through modulating cellular SA levels [53] . Further, GmEDS1 and GmPAD4 are required for PAMP-triggered immunity, effector-triggered immunity [63, 65, 66] and Rpg2-mediated resistance to P. syringae pv. glycinea [66] .
Conclusions
The studies highlighted here demonstrate that many components of soybean defense GRNs share similarity with the model plant Arabidopsis. For example, NBS-LRR proteins specify pathogen recognition that results in activation of defense signaling networks involving phytohormones, such as SA and JA. These networks are controlled by signaling proteins such as EDS1, PAD4 and NPR1, which function upstream of transcription factors that regulate expression of downstream genes including those in biosynthetic pathways that produce antimicrobial substances. MAPK modules also participate in these networks by positively and negatively regulating defense responses.
However, these studies also illustrate that experiments performed in soybean are required to identify the specific genes that function in the defense GRNs, and further that they can be used to inform Arabidopsis. The Rhg1 and Rhg4 examples show that some resistance traits may be conferred by novel and possibly unique defense mechanisms that at the present time can only be investigated in soybean. Furthermore, many of the genes required for defense signaling, e.g. WRKY and MYB transcription factors, are members of complex gene families. While we know that members of these families are key regulators of soybean defense, it is not possible to know their specific functions in the defense GRN without studies performed specifically in soybean. To maximize opportunities to modify and improve soybean defense responses in the future, it will be necessary to have a more complete understanding of the members of the soybean GRN that function in immunity, which often cannot be extrapolated directly from studies in model plants.
From a methodological standpoint, the studies highlighted here show the feasibility of combining transcriptomics, proteomics, mapping and knowledge from model systems with PTGS approaches for large-scale gene function analyses in soybean. An advantage of a VIGS-based approach is that once the libraries of VIGS constructs are developed for one soybean-pathogen interaction, they may be repurposed to investigate genes involved in other interactions. As we have more data from VIGS or other gene function analysis platforms, it will be interesting to see whether the use of proteomics data alone or coupled with transcriptomics data can improve selection of candidate genes and increase the success rate for identifying genes that cause altered resistance responses when they are silenced.
The resources that are available for research on soybean immunity and other traits are rapidly changing. The reference genomes of both cultivated [4] and wild [67] soybeans have been established, and the genomes of many cultivated soybean accessions are being resequenced [68] . The increased accumulation of whole-genome sequencing data will help to refine genetic maps and expedite the identification of defense-related genes. Several useful databases and tools have been developed and established for public use: Phytozome (http://www.phytozome.net/), SoyXpress [69, [75] and Tnt1 transposons [76] are publicly available, as are fast neutron mutants [77] . These populations are being successfully used for functional genomics studies in soybean and may be used to investigate defenserelated traits.
The growing amount of information on soybean defense responses available because of these tools and data sets will enable future gene discovery. As sufficient information accrues, it will be feasible to model soybean defense gene networks to identify potentially new or unknown genes with key regulatory functions, which are expected to be desirable genes to modify for crop improvement (Fig. 1) . RNA silencing as well as site- directed nucleases [78] , such as zinc finger nucleases [79] , transcription activator-like effector nucleases [80] and clustered regularly interspersed short palindromic repeats (CRISPR/Cas9), are powerful tools for uncovering gene functions or gene modification. These tools can be used to test the predictions of defense gene network models and to create novel alleles to produce plants that have improved disease resistance traits (Fig. 1) . A recent example from crop plants is the simultaneous knock out of three homeoalleles of MILDEW-RESISTANCE LOCUS in hexaploid wheat using site-directed nucleases to produce plants with heritable resistance to powdery mildew [81] . It may also be possible to directly edit NBS-LRR genes themselves. Xie et al. [82] predicted that all but 11 of the NBS-LRR genes in the soybean genome can be specifically targeted using CRISPR/Cas9. With all these resources and tools in place, research to understand and improve disease resistance in soybean will be expedited at an unprecedented pace.
Key points
• Genome sequence coupled with new resources and tools are enabling discovery of genes that control soybean recognition and responses to pathogens.
• Genetic mapping, transcriptomics, proteomics and homologs of defense genes identified in models systems are sources of candidate genes with functions in soybean defense responses.
• The overall architecture of gene networks that control soybean immunity is shared with model systems, but there are unique interactions and complex gene families that must be studied specifically in soybean.
